Modification of the weighting raised cosine with a power n function by time convolution with auxiliary changeable time duration uniform rectangular window is presented in this paper. The analytical form of the modified weighting raised cosine function for fixed power in frequency domain was derived. Proposed method was applied to fine tuning of properties of the nonlinear frequency modulation of radar signals. Synthesis of nonlinear frequency modulation radar signals problem was solved using the well-known principle of stationary phase. The selected testing results are shown and some final conclusions are formulated.
Introduction
It is well known that the synthesis of radar signals, influences much to the radar detection problem of targets. Concerning the matched filter in receiver only, it maximizes the peak signal to mean noise power ratio, which gives maximum range of targets detection. The optimal filter characteristic depends on the wave form.
For the modern radar applied with a complex signal an output signal of the matched filter has a shape of a short signal in time. It is a particular interest for requirement of target discrimination in distance. However, in the particular case there are side-lobes, which can mask weak echoes of targets. This phenomenon, rarely existing in practice, can be improved by applying convenient weighting function in order to modify a transmittance of the matched filter. This operation causes mismatching, which reduces a signal to noise ratio and decreases a range of detection of targets.
Another unlosses technique, which decreases a side-lobe level is application of a complex signal with a nonlinear frequency modulation. In this operation usually stationary phase method can be applied and weighting functions are useful as well.
It is known that a searching into weighting functions, having specific properties, is a very important problem in the spectral analysis of signals.
Known methods are available in synthesis of weighting functions, well described in literature, for example time convolution of parent windows [1] , multiple time convolution of rectangular windows [2, 3] or multiple time auto and cross convolution of other well known windows [4, 5] . These so-called convoluted windows have greater side-lobe attenuation and fast decay. Unfortunately, width of the main lobe is increased significantly usually.
The fine tuning of property of raised cosine with power n function by its time convolution with the rectangular window having changeable time duration is proposed in this paper.
Design of a weighting function
Generally a finite time duration weighting function w T (t) can be expressed as
where w(t) denotes an infinite time duration considering function, r T (t) denotes uniform rectangular window (rect in short)
where T denotes window duration.
In frequency domain Eq. (1) is given by
where W (ω) and R T (ω) are the Fourier transforms of w(t) and r T (t), suitably, and * denotes the convolution operator. A method of a weighting function properties fine-tuning for nonlinear frequency modulation (NLFM) radar and sonar signals designing is proposed here. It was based on the time convolution of the w T (t) window function and the auxiliary changeable time duration uniform rectangular window r τ (t):
where w τ (t) denotes modified weighting function. The r τ (t) is defined as follows:
where τ denotes window changeable time duration. In frequency domain Eq. (3) is given by
where W τ (ω) and R τ (ω) are the Fourier transforms of w τ (t) and r τ (t), suitably. After convolution the resultant window w τ (t) will have the time duration equal to (T + τ ). So the time change scale factor is
Taking advantage of the Fourier transform (the scaling property)
general form of the modified weighting function (5) can be drawn
For example, let us consider in the time domain a well-known [1] weighting raised cosine with a power n function described by
where k denotes real value parameter, k ∈ 0, 1 , n denotes integer value parameter, n ≥ 1, T denotes pulse duration. This function has of great importance in pulse-compression signals with NLFM both in a radar and a sonar [6] [7] [8] .
Using the method described above for n = 2, expression (8) can be drawn
Therefore, in frequency domain we can obtain
where Sa(.) denotes a function in a shape of Sa(x) = sin(x)
x . Taking advantage of the delta distribution expression, (10) can be rearranged to a form
The auxiliary changeable time duration window
has a Fourier transform
Therefore, the modified weighting function (11) in time and frequency domain can be drawn suitably
After time scaling by factor a = T /(T + τ ) expression (12) can be rearranged to a form
The synthesis of a weighting function for the other power of n in expression (8) will be done in the same way. Equation (13) has been determined as a base for researching property of a weighting function and for a synthesis of a radar signal with an NLFM.
Testing results
The simulation model including the weighting functions generator and radar signals generator has been developed. It was done in order to evaluate the time duration changes of the auxiliary uniform rectangular window on the property of the weighting functions and radar pulse signals. As a result, a series of characteristics have been obtained. Some selected from all are presented here.
Time convolution of the weighting raised cosine with a power n function and auxiliary changeable time duration uniform rectangular window has been done numerically. Normalized magnitude spectrum of the modified windows for different values of the parameter n, from n = 1 to n = 6, versus normalized frequency are depicted in Fig. 1 . The values of k and τ parameters have been obtained by recursive finding of the minimum side-lobes level. The same characteristics for non-modified rectangular and raised cosine windows for comparison are depicted as well. Presented characteristics clearly show that modified windows side-lobes suppression improved from about 14 dB to 27 dB in comparison to non-modified windows has been achieved. It depends on parameter n value. Unfortunately, the main lobe width at -3 dB level increase from 1.28 to 1.08 times when n changes from from n = 1 to n = 6. It is caused by a modification mentioned above. For example, we can obtain a comparable side-lobes level for the modified window with n = 2 and the non-modified window with n = 6, but second one has main lobe width at −3 dB level 1.35 times wider.
Design of the transmitted NLFM radar signal has been done in the next research stage. The matched filter output signal is given by the input filter autocorrelation function. The signal autocorrelation function is determined by the inverse Fourier transform of the energy spectral density. Therefore, in order to generate a NLFM signal with uniform amplitude we can use the signal with the magnitude spectrum described by a square root of the weighting function, raised cosine with a power n for example. One can find the nonlinear frequency law by applying the stationary-phase concept as has been suggested by Fowle, Cook, and Bernfeld [6, 7] .
The same method has been used in this paper. As a result, some characteristics have been obtained. Several examples are presented here. Normalized magnitude output of matched filter NLFM signals versus normalized to pulse duration time are depicted in Fig. 2 and Fig. 3 . The characteristics are shown for the magnitude spectrum described by non-modified and modified weighting function and for two different values of the BT product. As the results of the recursive finding of the minimum side-lobes level by values of the k and τ parameters changing the 0.8 dB improvement of this level for BT = 100 and 1.8 dB for BT = 300 have been obtained.
Summary
The main aim of this paper is to show both weighting function properties fine tuning method and several initial results. The raised cosine with a power n weighting function side-lobes suppression improvement from 14 dB to 27 dB has been achieved. It depends on a power n value. The main lobe width has been increased simultaneously. The side-lobes suppression of the matched filter output NLFM radar signal has been improved as well, but far less. This depends on a signal BT product.
The method, which has been proposed, can be extended to the different types of the weighting functions. Generalization of the method was presented and exact calculation of the modified windows parameters will be done in the next stage of the research in the future.
The method, proposed in this paper, can be applied for designing of radar signals. We can expect more applications of this method. For example, it can be applied for both the filter designing and harmonic analysis.
